We demonstrate successful cooling of ultrathin fiber tapers and their coupling with nitrogen vacancy (NV) centers in nanodiamonds at cryogenic temperatures. Nanodiamonds containing multiple NV centers are deposited on ultrathin fiber tapers with diameters ranging from 450-500 nm. The fiber tapers were successfully cooled down to 9 K with our special fiber mount and an optimization of cooling speed. The fluorescence coupled with the fiber tapers showed characteristic sharp zero-phonon lines of neutral and negatively charged NV centers. The present demonstration is important for the future NV-based quantum information devices and sensitive nanoscale cryogenic magnetometry.
INTRODUCTION
Quantum networks require different types of building blocks to realize their functions, such as information transfer, processing, and storage [1] . Photons are robust against decoherence and hence suitable for transmitting information between distant places through optical fibers. Solid-state quantum systems, such as quantum dots, defect centers in solids, and superconducting quantum circuits, have large mutual interactions and are suitable for information processing, transducing, and storage [2] . Effective interaction between these quantum systems and photons in a fiber network is of paramount importance in realizing quantum networks.
Among the candidates, diamond nitrogen vacancy (NV) centers are very promising solid-state quantum systems for quantum networks [3] . They exist in either bulk diamonds or nanodiamonds and show very stable emission without fluorescence blinking or bleaching. The electronic states of NVs are spin-triplet states and may be useful for quantum memory [4] . The electron spins show a long coherence time, which is important for coherent interaction between photons and NV centers [5] . In addition, at cryogenic temperatures, they have a lifetime-limited linewidth of optical transitions, which is necessary for coherent excitation of NV centers [6] . For example, generation of quantum entanglement between photons and the electron spins has been reported [7] . For the next step, it is critically important to improve the coupling efficiency between NV centers and photons passing through single-mode optical fibers.
Fiber tapers are promising nanophotonic devices for this efficient coupling between photons and quantum nanoemitters. Their subwavelength diameters of 300-500 nm (so-called nanofiber) generate a significant evanescent field around the surface. Through this evanescent field, quantum nanoemitters on the surface emit up to 20% of the total fluorescence photons into a guided mode of the nanofibers [8, 9] . Such NV/ nanofiber hybrid devices have been reported in the context of single-photon sources [10] and magnetometers [11] . However, these studies were conducted only at room temperature and not at cryogenic temperatures. Their cryo-cooling has been hindered by difficulties in cooling fragile ultrathin fiber tapers.
In this proceeding, we describe our recent demonstration of cooling of NV/nanofiber hybrid devices to cryogenic temperatures [12] . We prepare nanodiamonds containing multiple NV centers and deposit them on a nanofiber region of fiber tapers with a diameter of 480 nm. These fiber tapers are successfully cooled to 9 K using our home-built mounting holder and an optimized cooling speed. The fluorescence of the NV centers is efficiently coupled with the fiber tapers, showing characteristic sharp zero-phonon lines (ZPLs) of both neutral (NV 0 ) and negatively charged NV (NV -) centers. The present NV/nanofiber systems at cryogenic temperatures can be used for NV-based quantum information devices such as quantum phase gates or quantum memories, and for highly sensitive magnetometry in a cryogenic environment.
EXPERIMENT
We used Type-Ib nanodiamond containing multiple NV centers. The nanodiamond powder was dispersed and suspended in ethanol and sonicated for an hour before use. This nanodiamond suspension was spin-coated on thermally oxidized silicon substrates [13, 14] . The particle size distribution ranged from 500 nm to 2.0 μm according to scanning electron microscope (SEM) images. ) centers, respectively. We determined the content ratio of NV 0 and NV -in the nanodiamonds by measuring their fluorescence spectra using a home-made confocal fluorescence microscope equipped with liquid-helium cryostat (see [15] for the detail of the microscope). The peak intensity ratio of NV 0 and NV -is 1.1 for 17 nanodiamond particles. Note that the content ratio does not affect the present experiment. A small aliquot of the nanodiamond solution was placed on a facet of a small glass rod. Fiber tapers were then dipped into the solution. Nanodiamonds were deposited by moving the fiber taper along the fiber axis using a linear stage. These nanodiamonds can be easily found by observing the scattering points of a red laser coupled in the fiber taper. In the present experiment, we used only the one side of the tapers due to the taper mounting method (see below) and could not measure the transmission loss by the dipcoating. Nonetheless we successfully measure the large fluorescence signal through the fiber taper compared with that through a high-NA objective at 9 K as described below.
Fiber tapers were fabricated from commercial single-mode optical fibers (Thorlabs, 630HP) by a method described elsewhere [16] . Adiabatic tapering was confirmed, as the transmittance was larger than 0.9 during fabrication. Figure 2 (b) shows a SEM image of a 480-nm-diameter fiber taper. The taper diameter was determined by an SEM. Fiber tapers were mounted on a glass plate using UV adhesives. Figure 2 shows a schematic of the setup of the fiber taper cooling experiment. Fiber tapers having nanodiamonds on the surface were mounted on a 3D axis translational stage (Attocube, ANPx51-LT and ANPz51-LT) inside a custommade LHe flow cryostat [17] . The sample chamber of the cryostat was filled with gas helium of half atmospheric pressure at room temperature, which allows for quick thermalization of the fiber tapers. A confocal microscope setup was built around the cryostat. A microscope objective (Olympus, LMPLFLN 100x) with a numerical aperture (NA) of 0.8 was placed inside the cryostat. A fiber-coupled continuous-wave 532 nm laser was used for excitation. The polarization of the excitation laser was perpendicular to the taper axis, which is known to give minimal background fluorescence in the detection through the taper. The taper was coarsely positioned using the 3D translational stage and fine-resolution raster scanning by a 2D galvano mirror. The fluorescence collected through the objective was coupled to a multimode fiber that acted as a pinhole (Thorlabs,1550HP, core diameter 10 μm) and was detected by either an avalanche photodiode (APD) or a spectrometer equipped with a charge-coupled device camera. The fluorescence channeled into the fiber tapers was outcoupled once from the fiber end to be filtered out and incoupled again with singlemode fibers for detection. 
RESULTS AND DISCUSSION
Figure 3(a) shows a microscope photograph of a 480-nm-diameter nanofiber with a deposited nanodiamond at 9 K. A red laser was coupled to the taper to visualize the nanodiamonds. The green scattering point at the center is the focus point of the laser. After the taper was coarsely positioned, fine laser scanning was performed to obtain fluorescence raster scanning images. Note that we have confirmed that there are no other red scattering points in the raster scanning area. Fig. 3(c) , where two side robes (indicated by arrows in the figure) appear in the both sides of the central peak. These side robes may come from the distortion of the objective lens (described below) and is difficult to know the proper fitting function. Rather fitting the data, we make Gaussian plots by fixing the linewidth to FWHM of the objective detection (0.76 μm) and the offset to the dark count signal of the far point from the peak. The peaks are reproduced at the same lateral position in the both scanning images (Fig. 3(b) and (c) ). We therefore think that we see the same nanodiamond in the both images of Fig. 3(b) and (c). The detected photon count rate in the taper detection is 551 kHz [Fig. 3(c) ], which is three times more than that in the objective detection, 174 kHz [ Fig. 3(b) ]. This fact indicates the effectiveness of using fiber tapers for collecting fluorescence in cryogenic experiments. 
SUMMARY
We demonstrated ultrathin fiber-taper coupling with multiple NV centers in nanodiamonds at cryogenic temperatures. We prepared nanodiamonds containing multiple NV centers from Type Ib bulk diamond and deposited them on nanofibers with a diameter of 480 nm. Having optimized the device structures and cooling speed, we successfully cooled the fiber tapers to 9 K. The fluorescence of the NV centers was efficiently coupled with the fiber tapers, showing characteristic sharp ZPLs of both neutral (NV 0 ) and negatively charged NV (NV -) centers. The present nanofiber/NV hybrid system at cryogenic temperatures can provide a testbed for NV-based fiber-integrated quantum information devices, such as quantum memories and quantum phase gates, and magnetometry in a cryogenic environment.
